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Effect of high pressure on microstructure of

cast Mg-87Zn-0.5Zr-0.5Gd alloy
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Abstract: Mg-8Zn-0.5Zr-0.5Gd alloy was prepared by high pressure solidification. Effect of high pressure on
microstructure, micro-hardness and corrosion behavior in Hank's solution of the Mg-8Zn-0.5Zr-0.5Gd alloy were
investigated by means of optical microscopy (OM), scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS), and X-ray diffractometer (XRD). The results showed that, compared with the conventional
solidification, high pressure solidification obviously refined the grain size of Mg-8Zn-0.5Zr-0.5Gd alloy. The grain
size was refined from 200-300 pm to 100-200 ym and the secondary dendrite arm spacing reduced from 30-
50 ym to 10-30 ym. Moreover, the solubility of Zn in the alloy increased and the amount and size of Mg-Zn-Gd
phases significantly decreased. The micro-hardness of the alloy solidified under high pressure was improved
significantly from 56.17 HV to 63.14 HV. The polarization resistance (R,) of the alloy had a substantial increase in
simulated body fluid, thus the corrosion rate was significantly reduced from 4.0 to 2.7 mm-year™.
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Magnesium alloy has unique bio-compatibility and
elasticity modulus close to that of human bones.

Therefore it can avoid the "stress shielding" effect and
secondary surgery owing to bio-degradation in body fluids.
However, magnesium alloy faces challenges in meeting
some special requirements because of its poor corrosion
resistance and ductility " In order to improve the
corrosion resistance of magnesium alloys, several efforts
have been made such as Zn alloying method, which can
improve the corrosion resistance in body fluids and the
strength of the magnesium alloy . Heat treatment can
also improve corrosion resistance of magnesium alloy in
body fluids through reducing or eliminating the negative
effects of cathode relative corrosion. The deforming
process can eliminate shrinkages of alloy and refine
grain structure, which enhance corrosion resistance and
mechanical properties "', Surface treatments including
micro arc oxidation, anodizing, laser modification,
electrophoresis, and electro-deposition etc. can
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significantly reduce corrosion rate of magnesium
alloy in body fluids, but it cannot improve mechanical
properties.

High pressure solidification is one of the new
recent technologies. It can change the distribution of
second phase, uniformity of composition and obtain
non-equilibrium microstructure, due to the decrease of
diffusion coefficient with increasing loading pressure.
When the pressure reaches GPa level, it changes the
thermodynamic and kinetic conditions in the alloy
solidification process dramatically . During the
solidification process, the diffusion coefficient of
solute for metals and their alloys decreases under the
effect of high pressure, so it results in a decrease in
growth speed of the crystal nucleus and the spacing of
secondary dendrite. As a result, the grain size of the
precipitated phase reduces "', It has been reported
that the self corrosion current of AZ91D magnesium
alloy significantly decreased after high pressure
solidification at 1, 000 °C and 3 GPa, followed by air
cooling to room temperature'”. Results showed that
high pressure solidification can reduce the size of
precipitated phase in the alloy substrate, and thereby
it can weaken local galvanic corrosion of magnesium
alloys and improve corrosion resistant performance.
The corrosion resistance of Mg-30A1 and Mg-7Y-
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0.5Zn alloy after high pressure solidification is better than
that of alloys solidified at normal pressures " '*. However,
research reports about high pressure solidification are still
relatively rare. In this paper, the effect of high pressures on the
microstructure, microhardness and corrosion behavior of Mg-
87Zn-0.5Zr-0.5Gd magnesium alloy in simulated body fluid
were investigated. This research will explore the evolution
behavior of the microstructure and properties of Mg-8Zn-
0.5Zr-0.5Gd magnesium alloy after high pressure treatment.
The research results will provide reference for the preparation
of medical magnesium alloys by high pressure technology.

1 Experimental procedure

The samples solidified at normal pressures were prepared as
follows: Mg-8Zn-0.5Zr-0.5Gd alloy was melted with high
purity Mg (99.99wt.%), high purity Zn (99.99wt.%) and Mg-
30wt.%Gd master alloy as starting materials in an crucible
resistance furnace at 730-800 °C with mixed gas (CO, + 0.5%
SF,) protection. The liquid metal was stirred for 5 min and
held for 15 min before poured into a graphite mold which was
preheated to 200 °C. The measured composition of Mg-8Zn-
0.5Zr-0.5Gd alloy is shown in Table 1.

Table 1: Chemical composition of Mg-6Zn-0.5Zr-0.5Gd alloy (wt.%)

Mn Zn Zr Gd

0.13 8.2 0.45 0.53

The Mg-8Zn-0.5Zr-0.5Gd alloy was also prepared under
the same conditions except high pressure solidification. The
schematic illustration of high pressure solidification is shown in
Fig. 1. The high pressure device is a CS-1B six-anvil apparatus,
which has six anvils to squeeze the sample to achieve quasi-
hydrostatic pressure. The applied pressure was about 4 GPa.
The specimens with dimension @5 mm % 10 mm were wrapped
by BN powders, and then put into the graphite sleeve while
the circular graphite sheet was applied at opposite ends of the
graphite sleeve. The graphite sleeve with wrapped specimen was
placed in the hexahedral pyrophillite bulk. Then the pyrophillite
bulk together with the specimen was put into the high pressure
apparatus. A sealed graphite tube was put into the middle hole of
the pyrophyllite block and a conductive ring was placed at each
end of the graphite tube to heat the specimen. To measure the
temperature, a straight-through hole was punched at the corner
of the pyrophyllite block and a thermocouple wire was inserted
into the block to make contact with the specimen. The other
end of the thermo-couple was connected with the temperature
recording devices. The sample was rapidly heated to 980 °C
and held for 30 min to ensure the alloy melted sufficiently. Then
the pressure was increased to about 4 GPa as the temperature
dropped to 960 °C. After relieving pressure and natural cooling,
the final samples were obtained.
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1 - pyrophillite, 2 - conducting ring, 3 - graphite crucible
4 - BN (clad), 5 - specimen, 6 - top ram
Fig. 1: Schematic representation showing specimens in
CS-1B type high pressure apparatus

Fe Ni Cu Mg

<0.01 <0.005 <0.005 Bal.

Microstructures of the alloy were observed by means of
OM and SEM. The micro-hardness was measured using HXS-
1000AY Vivtorinox equipment. Corrosion behavior of the
alloys was measured using electro-chemical experiments.
Corrosive media was Hank's solution mixed by analytical
grade chemicals and distilled water. Electro-chemical
polarization experiment was carried out in a standard three-
electrode system. The reference electrode was a saturated
calomel electrode, the auxiliary electrode was a platinum
electrode and the sample was the working electrode. The
scanning speed was 3x10™ V-s™. Polarization experiment was
carried out in 300 ml Hank's solution at 37+1 °C. The samples
were sealed with epoxy resin mosaic with an exposed surface
area of 1 cm’ and polished with 200°-1200" sandpapers.

2 Results and discussion

2.1 Microstructure

2.1.1 Influence of high pressure on grain size and
secondary dendrite arm spacing

Figure 2 shows the back-scattered electron (BSE) image of
the alloys. In contrast to conventional solidification, grain
size of the alloy under high pressure is refined from 200-
300 um to 100-200 um. Figure 3 shows the microstructures
of alloys under conventional and high pressure, respectively.
For the alloy solidified under high pressure, the secondary
dendrite arm becomes more dispersed and refined. The
secondary dendrite arm spacing is reduced from 30-50 pum to
10-30 pm.

Eq. (1) "' describes the relationship among nucleation energy,
pressure and volume changes of the alloy after solidification:

Y 1)
oP Ir

where G, is nucleation energy, P is pressure, V* and V"’
represent solid volume and liquid volume, respectively.
For Mg-8Zn-0.5Zr-0.5Gd alloy, V" is larger than V*,
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Fig. 2: BSE images of Mg-8Zn-0.5Zr-0.5Gd alloy: (a) conventional solidification and (b) high pressure

solidification

Fig. 3: Microstructure of Mg-8Zn-0.5Zr-0.5Gd alloy: (a) conventional solidification; (b) high pressure
solidification

therefore the increase in P under high pressure solidification
reduces the critical nucleation energy. Thus the nucleation
becomes easier, and the amount of nucleation increases. On the
other hand, the high pressure can increase the nucleation rate
U647 which therefore decreases the
grain growth rate. The combination of these two factors leads
to the grain refinement of the alloy.

The secondary dendrite arm spacing of Mg-8Zn-0.5Zr-
0.5Gd alloys was also obviously refined after high pressure

and degree of supercooling

solidification. The reason can be analyzed from the following
formulas. The relationship between secondary dendrite arm

d, = AV’ )
spacing d, and cooling rate v can be obtained '*:
where A4 is a constant related to properties of the alloy, and
is proportional to diffusion coefficient. When the pressure
increased to GPa level, the atomic diffusion in the alloy was
strongly inhibited, the diffusion coefficient decreased, so
A decreased significantly ", In this study, for comparison
purposes, cooling conditions are the same for the alloy
solidified under conventional pressure and high pressure, so
the cooling rate v is basically unchanged. Then, according
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to Eq. 2, when the pressure reaches 4 GPa, A4 is significantly
reduced, leading to the decrease of d,, i.e., the refinement of
secondary dendrite arm spacing.

2.1.2 Influence of high pressure on solubility of alloy

Figures 4a and 4d show the SEM photos of the magnesium
alloy by conventional solidification and high pressure
solidification. Figures 4b and 4c are the EDS of the matrix
(point B) and precipitated phase (area A) in Fig. 4a. Figure 4e
shows the EDS of the matrix (C in Fig. 4d). According to EDS
results, under conventional solidification, the contents of Zn,
Gd, and Zr in the matrix are 1.90wt.%, 2.16wt.%, and 0.35wt.%
(Fig. 4c), respectively. After high pressure solidification,
the solid solubility of Zn and Zr increases to 2.29wt.% and
0.48wt.%, while that of Gd decreases to 1.52wt.% (Fig. 4e).
From the view of crystal structure, Mg, Zn and Gd have a
good compatibility due to the same hexagonal-close-packed
(hcp) structure. The atomic radiuses of these three atoms
are 173, 135 and 180 pm, respectively. Therefore, compared
with Gd which has a larger atomic radius, Zn can more easily
dissolve into a-Mg under high pressure, while the solubility of
Gd decreases.
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Fig. 4: SEM and EDS results of Mg-8Zn-0.5Zr-0.5Gd alloy: (a) microstructure for conventional solidification, (b)
and (c) are EDS results of precipitated phase and matrix in Fig. 4a, (d) microstructure for high pressure

solidification, (e) EDS results of matrix in Fig. 4d

2.1.3 Influence of high pressure on precipitated phase

As shown in Fig. 4a, under conventional solidification, some
second phases with strip shape are distributed at the grain
boundary. The strip width is about 1-7 pm. As shown in Fig.
4c, Mg, Zn, Gd element and a small amount of Zr can be
detected in the precipitated phase. The atomic ratio for Mg,
Zn, Gd was close to 5:3:1. It was found that Mg,Gd exists at
the grain boundary of Mg-Gd-Zn ternary alloy “”. Thus, the
second phase comprised Mg,Zn, and Mg,Gd phases.

Compared to conventional solidification, the size
and morphology of second phases under high pressure
solidification noticeably change as shown in Fig. 4d. Grain
size of precipitated phase reduces from 5 um to 2 um. At the
same time, the second phase changes from long bulky strips to
short thin strips and granular shape; and discretely distributes
at the grain boundaries.

XRD results are given in Fig. 5. There are three phases
of a-Mg, Mg,Zn, and Mg,Gd, which are consistent with the
EDS results. XRD pattern shows that diffraction peaks of
Mg,Zn, and Mg,Gd significantly reduce after high pressure
solidification.

2.2 Micro-hardness

The value of micro-hardness of Mg-Zn-0.5Zr-0.5Gd alloy
prepared by high pressure solidification (63.14 HV) is larger
than that by conventional solidification (56.17 HV). Under
conventional solidification, a lot of coarse Mg, Zn and Gd
precipitates are mostly distributed along the grain boundaries
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Fig. 5: X-ray patterns of Mg-8Zn-0.5Zr-0.5Gd alloy by
conventional solidification (curve 1) and high
pressure solidification (curve 2)

and secondary dendrite. As shown in point A in Fig. 4(a), they
are thicker than 1 um, some of them even larger than 20 um,
which has a detrimental effect on strength and hardness. But
under high pressure solidification, the precipitates formed on the
Mg-8Zn-0.5Zr-0.5Gd alloy matrix become tiny and dispersed,
together with the reduction of amount. As shown in Fig. 4d,
there are a lot of particle phases under 1 pum in size, which can
be confirmed as Mg,Zn; and Mg;Gd phases according to EDX
analysis. The Mg,Zn; and Mg,Gd phases have high hardness
222 On the basis of “Orowan” strengthening mechanism,
the dislocations which get around these tiny and dispersed
precipitates will produce remarkable dislocation multiplication;
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thereby it significantly improves the hardness **. Thus, micro-
hardness of Mg-8Zn-0.5Zr-0.5Gd alloy prepared by high
pressure solidification is much higher than that of alloy under
conventional solidification.

2.3 Corrosion behavior

Table 2 shows the values of several electro-chemical characteristics
of magnesium alloys. Compared with conventional solidification,
both R, and £,
are increased. 1, value decreases. Moreover, the calculated
corrosion rate of alloys significantly reduces. It can be seen

from Figs. 4b and 4e, the solid solubility of Zn increases

of alloy prepared by high pressure solidification

significantly in the matrix during the solidification under
high pressure, which improves the stability of the passivation

membrane ¥

, and therefore improves the corrosion resistance
of the alloy. In addition, it is known that the galvanic corrosion
of granular phase and matrix is one of the main reasons for the
corrosion of magnesium alloy *°

Figs. 4a and 4d, compared to conventional solidification, the

1. While it can be seen from

size of precipitation phase under high pressure solidification
reduces significantly, which therefore decreases the galvanic
corrosion effect on the alloy matrix, thus improving the
corrosion behavior of the alloy.

Table 2: Electro-chemical parameters of Mg-8Zn-0.5Zr-0.5Gd alloy

Corrosion rate

Lo (WA-cm?)

R, (kQhm)

Ecorr (v)
Solidified under conventional pressure -1.45
Solidified under high pressure -1.44

3 Conclusions

(1) High pressure solidification (4 GPa) can significantly
refine the grain size of Mg-8Zn-0.5Zr-0.5Gd alloy from 200-
300 pm to 100-200 um and reduce the secondary dendrite arm
spacing from 30-50 pm to10-30 pm. Under high pressure,
the critical nucleation energy of the alloy is decreased, thus
the nucleation becomes easier, and the amount of nucleation
increases. On the other hand, the high pressure can increase the
nucleation rate and degree of supercooling """, which therefore
decreases the grain growth rate. The combination of these two
factors leads to the grain refinement.

(2) High pressure solidification significantly increases the
microhardness of Mg-8Zn-0.5Zr-0.5Gd alloy from 56.17
HV to 63.14 HV. The tiny and dispersed Mg,Zn; and Mg,Gd
precipitates under high pressure solidification contribute to the
increase of micro-hardness.

(3) High pressure solidification increases the corrosion
resistance of Mg-8Zn-0.5Zr-0.5Gd alloy effectively. The
corrosion rate decreases from 4.0 mm-year" to 2.7 mm-year’.
The solidification under high pressure increases the solid
solubility of Zn in the alloy, which increases the stability of the
passivation membrane, and at the same time, the decrease of
precipitated phase size solidified under high pressure reduces
the galvanic corrosion strength. Their combined action results
in the corrosion resistance improvement of the alloy.
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